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(57) Abstract: A power control circuit is provided containing a switch array, which includes segmented switches, a flying capacitor, 
an output voltage terminal, a feedback loop, and a digital voltage regulator block. The digital voltage regulator block includes an A/D 
converter, an encoder, an add-subtractor, and a gate logic. These power control circuits do not include pass transistors. A method is 
also provided, where the charge pumps of the power control circuit are operated in two-phase cycles including a charging phase and 
a pumping phase. The power control circuit is controlled in both of these phases, thereby reducing the ripple of the output voltage. 



WO 2005/057765 PCT/US2004/040507 

DIGITAL LOOP FOR REGULATING DC/DC CONVERTER WITH 

SEGMENTED SWITCHING 

' BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention generally relates to power supplies, and more 
particularly, to switched capacitor charge pump power supplies for generating a 
regulated output voltage different from the supply voltage. 

2. Discussion of the Related Art 

[0002] An unregulated switched capacitor DC/DC converter includes a switch array. 
FIG. 1 A illustrates an existing converter topology. This converter utilizes one flying 
capacitor and four switches. FIG. IB illustrates another existing topology with two 
flying capacitors and nine switches. 

[0003] FIG. 2 illustrates a three terminal device that is equivalent to the switch array. 
By connecting the TOP, MID and BOT terminals with input, output, and ground in 
various combinations, step-up, step-down and inverter topologies are created. 

[0004] FIG. 3 illustrates a 2:1 step-down charge pump. Two-phase non-overlapping 
clocks are used to drive the switches. In phase 1, the charging phase, switches SI and S3 
are ON. Therefore, flying capacitor CI is connected to an input supply voltage through 
the TOP terminal and charged. In phase 2, the pumping phase, flying capacitor CI is 
connected to the output through the MID terminal. In this pumping phase the charge of 
flying capacitor CI is transferred to an output capacitor C ou t- 

[0005] Charge pumps are regulated by various methods. In the method of hysteretic 
control a charge pump runs in a hysteretic mode. The hysteretic method can include 
pulse skipping, pulse frequency modulation, or the "bang-bang" process. The charge 
pump controls the output voltage into a voltage window. If the output reaches an upper 
threshold of the window, the oscillator of the circuitry is disabled and the power switches 
are turned OFF until the output voltage decreases to a value below a lower threshold. At 
this time the oscillator is enabled again and the switches are turned ON. This method 
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can achieve high efficiency, especially in light load conditions. However, it can generate 
high current spikes and a large ripple in the output. 

[0006] Another method to control charge pumps is called linear or analog control, or 
the R^on modulation. A charge pump with a linear control operates at an essentially % 
5 constant frequency. The charge pump is regulated through the analog, i!e. continuous 

modulation of the resistance of the switches, which are ON. The linear control method is # 
capable of producing low noise. 

[00071 FIG- 4 illustrates a charge pump with a linear control loop 1 . Linear control 
loop 1 will be described in more detail later. In general, linear control loop 1 includes a 

10 charge pump 15 with TOP, MID, and BOT terminals, an output terminal 27 being 

coupled to the MID terminal. Linear control loop further includes a resistive voltage 
divider 49, connected to output terminal 27. A feedback voltage, generated by voltage 
divider 49 is coupled back to an operational amplifier, or opamp 42, which compares the 
feedback voltage and the reference voltage and generates an error signal at its output. 

15' The generated error signal is coupled into pass transistor 47, which is coupled between a 

power supply and the input TOP terminal of charge pump 15. 

7 [0008] Some aspects of the charge pump of FIG. 4 are as follows. Pass transistor 47 
is typically large and occupies valuable die area. Also, in the pumping phase the flow 
rate of charge from flying capacitor CI to output capacitor C ou t is not controlled. 
20 Therefore, the ripple of the output voltage is not controlled and can be quite large. 

Further, the loop stability restricts the selection of the external output capacitor and its 
equivalent series resistance. The transient performance of the charge pump is limited by 
the bandwidth of the control loop and can be unsatisfactory. Finally, the dynamic losses 
associated with turning the switch array ON and OFF can be high. 

25 SUMMARY 

[0009] Briefly and generally, embodiments of the invention include a power control 
circuit containing a switch array, which includes switches, a flying capacitor and an 
output voltage terminal, providing an output voltage. In some embodiments at least one 
of the switches is a segmented switch. The power control circuit further includes a 
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feedback loop, coupled to the output voltage terminal and a voltage regulator block, 
. coupled to the feedback loop and to the switch array. The voltage regulator block 
regulates the output voltage. 

[0010] In some embodiments of the power control circuit the voltage regulator block 
is a digital voltage regulator block. Digital embodiments include an A/D converter, an 
encoder, an arithmetic/logic unit, and gate logic. 

[0011] Some embodiments of the power control circuit do not use pass transistors, 
thus saving die area. 

[0012] Some embodiments of the invention include a method where the charge 
pumps are operated in two-phase cycles including a charging phase and a pumping 
phase. Some embodiments control the power control circuit in both of these phases, 
thereby reducing the ripple of the output voltage. 

BRIEF DESCRIPTION OF DRAWINGS 

[00131 For a more complete understanding of the present invention and for further 
features and advantages, reference is now made to the following description taken in 
conjunction with the accompanying drawings. 

[0014] FIGs. 1 A and B illustrate switch arrays. 

[0015] FIG. 2 illustrates a three terminal charge pump. 

[0016] FIG. 3 illustrates a charge pump. 

[0017] FIG. 4 illustrates a linear control loop. 

[0018] FIG. 5 illustrates a block diagram of a power control circuit according to an 
embodiment of the invention. 

[0019] FIG. 6 illustrates a block diagram of a digital power control circuit according 
to embodiments of the invention. 
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[0020] FIG. 7 illustrates a circuit diagram of a digital power control circuit according 
to embodiments of the invention. 

[0021] FIGs. 8A and B illustrate two phases of the operation of a switch array, 
according to embodiments of the invention. 

5 

DETAILED DESCRIPTION 

[0022] Embodiments of the present invention and their advantages are best 
understood by referring to FIGs. 1-8. Like numerals are used for like and corresponding 
parts of the various drawings. 

10 [0023] The structure and operation of power control circuits will be described in 

relation to analog power control circuit 1 of FIG. 4. Then various power control circuits 
2 will be described according to embodiments of the invention in relation to FIGs 5-8. 

[0024] In power control circuit 1 , the regulation of output voltage V_put is achieved 
in an analog manner by coupling a V_DD supply voltage into voltage regulator block 36. 
15 In power control circuit 1 voltage regulator block 36 regulates the fraction of the V__DD 

supply voltage, which reaches switch array 15. 

[0025] Voltage regulator block 36 includes reference voltage supply 40, providing a 
predefined reference voltage V_ref. In some embodiment the value of reference voltage 
V_ref can be in the range of about 0.5V to 20V. Voltage regulator block 36 further 

20 includes an amplifier 42, coupled to a reference voltage supply 40 and a feedback loop 

33. Amplifier 42 is configured to sense the difference between reference voltage V_ref, 
provided by reference voltage supply 40, and feedback voltage V fb, provided by 
feedback loop 33. Amplifier 42 generates an error voltage V_err, representing whether 
V_ref or V_fb is greater. V_err is coupled into pass transistor 47. In the present power 

25 control circuit pass transistor 47 is a MOS-FET transistor. 

. [0026] Amplifier 42 is coupled to the gate of pass transistor 47. The V_DD supply 
" voltage is coupled to the source of pass transistor 47. The drain of pass transistor 47 is 
coupled to switch array 15. Other embodiments achieve the regulation function with 
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different couplings. 

[0027] Depending on whether reference voltage V_ref or feedback voltage V fb is 
higher, the V_err error voltage of amplifier 42 increases or decreases the gate voltage of 
. pass transistor 47. Accordingly, pass transistor 47 exhibits a higher or lower 
5 conductance. The conductance of pass transistor 47 controls that what fraction of supply 

voltage V_DD reaches switch array 15. This is one mechanism by which voltage 
regulator block 36 regulates output voltage V_out of output voltage terminal 27. 

[0028] Pass transistor 47 is coupled to switch array 15. In power control circuit 1 
switch array 15 includes four switches, SI . . . S4. Switches SI ... S4 are coupled in 
10 series between TOP and BOT terminals. 

[0029] Output terminal 27 is coupled to MID node, located between switches S2 and 

53. There are at least two capacitors in power control circuit 1. Flying capacitor CI is 
coupled to a node between switches SI and S2 and to a node between switches S3 and 

54. Output capacitor C_out is coupled between output terminal 27 and the ground. The 
15 external load R load is coupled between output terminal 27 and the ground. 

[0030] Output terminal 27 is also coupled to a voltage divider 49. In power control 
circuit 1 voltage divider 49 includes two resistors Rl and R2. Feedback loop 33 is 
coupled between resistors Rl and R2, and senses a feedback voltage V_fb. For this two- 
resistor voltage divider the feedback voltage V_fb is a fraction of the output voltage 
20 V_out: 

V_fb= Rl/(Rl+R2)*V_out 

[0031] This Vjfb feedback voltage is coupled back to amplifier 42 in voltage 
regulator block 36. As described above, the V_fb feedback voltage is utilized by voltage 
regulator block 36 to control pass transistor 47. 

25 [0032] In power control circuit 1 voltage regulator block 36 controls pass transistor 

47 for regulating the fraction of supply voltage coupled into switch array 15. Pass 
transistors typically occupy a large die area, thus requiring that the total area of the 
power chip be large as well. In some power control circuits a pass transistor may occupy 
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as much as 10% of the chip area. In comparison, digital logic transistors may take up as 
little as 1/1000 of the area of a pass transistor. Further/modern lithographic technologies 
are more suited for the formation of circuits, where the various circuit elements have 
comparable sizes. Finally, when the gate voltage of the pass transistor opens the 
conducting channel only partially, the conductance of the pass transistor is still much 
below its fully conducting value. For this reason the pass transistor dissipates a large 
fraction of the power supplied by the voltage supply. Therefore, power control circuits 
with pass transistors lose a considerable fraction of the power due to heating and hence 
operate inefficiently. 

[0033] FIG. 5 illustrates a block diagram of a power control circuit 2 according to an 
embodiment of the invention. Power control circuit 2 includes a switch array 15. In 
some embodiments switch array 15 includes n switches SW1 . . . SWn, a flying capacitor 
CI, and an output voltage terminal 27. In some embodiments of power control circuit 2 
at least one of the switches SW1 . . . SWn is a segmented switch, containing more than 
one switch-segment. Switch array 15 is also referred to as charge pump switch array. 

[0034] Power control circuit 2 further includes a feedback loop 33, coupled to output 
voltage terminal 27 and to a voltage regulator block 36. Voltage regulator block 36 is 
also coupled to switch array 15. The functions of voltage regulator block 36 include 
regulating the output voltage V_out at output voltage terminal 27. 

[0035] FIG. 6 illustrates power control circuit 2 according to an embodiment of the 
invention. In this embodiment two switches SW1 and S W2 are segmented. Power 
control circuit 2 does not include a pass transistor, thus avoiding the above-described 
aspects related to the large relative size of pass transistors. In power control circuit 2 
voltage regulator block 36 regulates the output voltage V__out by controlling the 
segments SW1-1 ... SWl-m and SW2-1 ... SW2-m of segmented switches SW1 and 
SW2. 

[0036] Voltage regulator block 36 is a digital voltage regulator block. Voltage 
regulator block 36 includes an A/D converter 52. A/D converter 52 has reference 
voltage V_ref of reference voltage supply 40 coupled into it, as well as feedback voltage 
VJb by feedback loop 33. A/D converter 52 senses the difference between reference 
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voltage Vjef and feedback voltage V_fb. A/D converter 52 generates an error voltage 
V_err representing whether Vjref or V_fb is greater. 

[0037] A/D converter 52 is coupled to encoder 55. Encoder 55 receives error voltage 
V_err and generates a digital error voltage V_err,d to represent V_err. In some 
5 embodiments the digital error voltage is n bit long. Encoder 55 couples digital error 

voltage V_err,d into an add-subtractor 59. Further, an m-bit sample-and-hold signal, 
corresponding to the gate signal of the previous cycle of the circuit is also coupled into 
add-subtractor 59, as described below. Add-subtractor 59 adds or subtracts the n-bit 
digital error voltage V_err,d and the m-bit sample-and-hold gate signal corresponding to 
10 whether VJb or Vjref was greater. In embodiments of power control circuit 2 m is 

greater than n. 

[0038] The digital add/subtract signal is coupled into a gate logic 63. Gate logic 63 
is also coupled to an oscillator 67. Oscillator 67 is capable of generating a periodic 
signal with an essentially fixed period. Gate logic 63 generates a gate signal from the 
15. inputs it receives from add-subtractor 59 and oscillator 67. The gate signal will also be 

referred to as a switch control signal. 

[0039] The gate signal is coupled into switch array 15. The gate signal controls 
switch-segments SW1-1 ... SWl-m, SW2-1 ... SW2-m, and switches SW3 and SW4. In 
other embodiments other switches, such as S W3 and SW4 can be segmented. In some 
20 embodiments more than two switches are segmented. In some embodiments more than 

four switches are employed. Next some details of switch array 15 will be described 
referring to FIG. 7 and the description of FIG. 6 will be completed afterwards. 

[0040] FIG. 7 illustrates an embodiment, in which switch segments include switch- 
segment groups. In this embodiment switches SW1 and SW2 are segmented, and 
25 switches SW3 and SW4 are not segmented. In other embodiments, other switches or 

their combinations may be segmented. 

[0041] SW1 is segmented into 6 switch-segments SW1-1 . . . SW1-6, and SW2 is 
segmented into 6 switch-segments as well, denoted as SW2-1 . . . SW2-6. A switch- 
segment can include switch-segment groups. In some embodiments, the switch-segment 
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groups include similar individual switch-segments, wherein the numbers of switch- 
segments in the subsequently indexed switch-segment groups relate to each other as 
powers of two. As an example, switch-segment SW1-1 can be a switch-segment group, 
which contains 20 essentially identical MOS-FETs coupled in parallel between first 
shared rail ( 71 and second shared rail 73. In this embodiment switch-segment group 
SW1-2 contains 40 essentially identical MOS-FETs, switch-segment group SW1-3 
contains 80 MOS-FETs, switch-segment group SW1-4 contains 160 MOS-FETs, switch- 
segment group SW1-5 contains 320 MOS-FETs and switch-segment group SW1-6 
contains 640 MOS-FETs. In this embodiment the ratio of the numbers of MOS-FETs in 
the subsequent switch-segment groups relates to each other as increasing powers of 2. In 
general, in embodiments with m switch-segments and 20 MOST-FETs in switch- 
segment SW1-1, switch-segment SWl-m contains 20*2 (m " !) MOS-FETs. In some 
embodiments the area of the MOS-FETs in switch-segment groups SW1-1 . . . SW1-6 
can vary according to a binary series according to the fractions Vz 9 X A 9 1/8, 1/16, 1/32, and 
1/64. In other embodiments, these fractions can follow any other series. 

[0042] In the present embodiment the number of MOS-FETs in the increasingly 
labeled switch-segment groups SW2-1 . . . SW2-6 are: 30, 60, 120, 240, 480, and 960. 
The number of subsequent switch-segment groups are again related to each other as 
increasing powers of 2 . 

[0043] In other embodiments switch-segment group SW1-1 can contain any number 
of MOST-FETs. In some embodiments switch-segment groups with increasing number 
of MOS-FETs are not arranged and indexed sequentially. In some embodiments the 
number of switch-segment groups relates to each other by some formula other than 
increasing powers of 2. 

[0044] Switch-segments are controlled by the gate signal, generated by gate logic 63, 
being coupled to their gate. As shown, switch-segments SW1-1 . . . SW1-6 receive 
individual gate signals UFS1 . . . UFS6 (for tc upper fractional switch") and switch 
segments SW2-1 . . . SW2-6 receive individual gate signals LFS1 . . . LFS6 (for "lower 
fractional switch") from gate logic 63. 



[0045] In yet other embodiments, the switch segments are single MOS-FETs, but the 
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size of higher-indexed MOS-FETs is increasing. Among these embodiments some have 
increasing size MOS-FETs, which are not indexed sequentially. 



[0046] In some embodiments the sizes of the switch-segments are selected for the 
case of minimal headroom and the heaviest load. The extent of the current spike, the 
5 output ripple, and the dynamic loss are all proportional to the size of the switch. 

Therefore, embodiments utilizing several smaller switch-segments reduce the current 
spike, the output ripple, and the dynamic loss. 

[0047] Referring again to FIG. 6, switch-segments SW1-1 . . . SWl-m individually 
have at least two terminals. One terminal of each switch-segment SW1-1 . . . SWl-m is 

10 coupled to a first shared rail 71, the other terminal of each switch-segment SW1-1 . . . 

SWl-m is coupled to a second shared rail 73. First shared rail 71 includes first switch 
node 72, with an output node TOP, second shared rail 73 includes second switch node 74 
with an output node CAP+. Switch-segments SW2-1 . . . SW2-m individually have at 
least two terminals. One terminal of each switch-segment SW2-1 . . . SW2-m is coupled 

15 to a second shared rail 73, the other terminal of each switch-segment SW2-1 . . . SW2-m 

is coupled to a third shared rail 75. Third shared rail includes third switch node 76 with 
an output node MID. In other embodiments other switches are segmented. In these 
embodiments SW1 is coupled between first switch node 72 and second switch node 74 
and SW2 is coupled between second switch node 74 and third switch node 76. 

20 [0048] Third switch SW3 is not segmented in this embodiment. Third switch S W3 is 

coupled between third shared rail 75 or third switch node 76 and fourth switch node 78. 
Fourth switch node 78 has an output node CAP-. Fourth switch S W4 is coupled between 
fourth switch node 78 and fifth switch node 80 with an output node BOT. In other 
embodiments third switch SW3 and fourth switch SW4 can be segmented. 

25 [0049] Flying capacitor CI is coupled between second switch node 74 and fourth 

switch node 78. Output terminal 27, which provides output voltage V_out, is coupled to 
output node MID. Output terminal 27 is coupled to output capacitor C_out, and can be 
coupled to the load R_load. Finally, output terminal 27 is also coupled to voltage divider 
49. In the present embodiment voltage divider 49 includes two resistors Rl and R2, but 

30 in other embodiments other voltage divider circuits can be employed. Feedback loop 33 

9 



WO 2005/057765 PCT/US2004/040507 

is coupled to the node between resistors Rl and R2. Feedback loop 33 senses the 
[R1/(R1+R2)] fraction o'f .output voltage V_out and feeds the sensed voltage back to A/D 
converter 52. 

[0050] In operation, some embodiments of power control circuit 2 function as 
follows. Power control circuit 2 generates an output voltage V_out essentially equal to 
some predefined voltage. However, output voltage V_out may deviate from this 
predefined voltage because, for example, the supply voltage VJDD or the load varies. 
To compensate for such voltage deviations^ a fraction of output voltage V_put is 
generated by voltage divider 49 and fed back to A/D converter 52 as feedback voltage 
V_fb by feedback loop 33. A/D converter 52 senses V_ fb and compares it to reference 
voltage Vjref. A/D converter 52 generates error voltage V err representing which of 
V_fb and Vjref is greater. Error voltage V_err is coupled into encoder 55. Encoder 55 
generates an n-bit digital error signal V_err,d from the V err error voltage. V_err,d 
signals whether V_fb or Vjref is greater. 

[0051] In some embodiments the accuracy of output voltage V_out is about ±3%. 
This sets the range of feedback voltage Vjfb. If reference voltage V_ref is IV, feedback 
voltage V_fb stays in the ±20mV (or ±2%) range. If feedback voltage V_fb is 20mV 
higher than reference voltage Vjref, the m-bit gate signal is set to "Low", which turns 
off switch-segments SW1-1 ... SWl-m. If feedback voltage V_fb is 20mV lower than 
reference voltage V_ref, the m-bit gate signal is set to "High", which turns on switch- 
segments SW1-1 . . . SWl-m. The comparator used in A/D converter 52 usually has 
about 2mV of input offset voltage. If the Least Significant Bit (LSB) of A/D converter 
52 is set to be 3mV, then a 4-bit A/D converter is enough to cover the range of ±20mV. 

[0052] The V_err,d digital error signal is coupled into add-subtractor 59. Further, 
during a cycle the preceding cycle's m-bit gate signal, in other words a sample-and-hold 
gate signal, is also coupled into add-subtractor 59 through a link. In response, add- 
subtractor 59 generates the add-subtract signal of the present cycle by adding the present- 
cycle's n-bit digital error signal V_err,d to the sample-and-hold gate signal of the 
previous cycle. 



[0053] The m-bit add-subtract signal of add-subtractor 59 is coupled into gate logic 
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63. An oscillator signal of oscillator 67 is also coupled into gate logic 63. Oscillator 67 
provides cyclic clock signals to synchronize the operation of the various blocks of power 
control circuit 2. Gate logic 63 generates a gate signal according to the cycles of 
oscillator 67. The gate signal is generated according to the add-subtract signal, which is 
determined by whether the feedback voltage V_fb or the reference voltage V_ref is 
greater as well as by the sample-and-hold signal, as described before. Depending on 
which voltage is greater, the gate signal increases or decreases the number of ON switch- 
segments. The greater the difference between the voltages V_fb or V_ref, the greater 
number of switch-segments will be added to or subtracted from the group of switch- 
segments already ON. In some embodiments the greater the voltage difference, the 
higher indexed switch-segments will be added to or subtracted from the group of switch- 
segments already ON. 

[0054] The gate signal is coupled into switch array 15. The gate signal controls the 
ON-OFF states of switch-segments SW1-1 ... SWl-m and SW2-1 ... SW2-m. In 
embodiments, where switch-segments SW1-1 . . . SWl-m and SW2-1 . . . SW2-m are 
MOS-FETs, the gate signal controls the gate voltage of the MOS-FETs. A change in the 
gate voltage translates to a change in the ON-OFF state of the MOS-FETs. Switch- 
segments SW1-1 . . . SWl-m are coupled in parallel to each other. The gate signal 
controls which switch-segments should be switched ON, thereby controlling the fraction 
of the supply voltage VJDD that generates output voltage V_put at output terminal 27. 
Hence, the gate signal varying the number of ON switch-segments controls the output 
voltage V_out. 

[0055] Next, the operation of switch array 15 will be described in relation to FIGs. 
8A-B. The operation of the whole power control circuit 2 will be subsequently described 
in relation to FIG. 6. 

[0056] FIGs. 8A-B illustrate an example of the operation of switch array 15. The 
operation is first explained on a simplified architecture where the switches are not 
segmented. Fly capacitor CI will be also referred to as Cny. 

[0057] In analogy with earlier embodiments, in switch array 15 first switch SW1 is 
coupled between first switch node 72 and second switch node 74, second switch S W2 is 
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coupled between second switch node 74 and third switch node 76, third switch SW3 is 
coupled between third switch node 76 and fourth switch node 78, and fourth switch SW4 
is coupled between fourth switch node 78 and fifth switch node 80. Fifth switch node 80 
is coupled to the ground. 

[0058] Flying capacitor Cn y is coupled between second switch node 74 and fourth 
switch node 78. Output capacitor C_out is coupled between third switch node 76 and 
fifth switch node 80. Output terminal 27 and load resistor RJoad are coupled between 
third switch node 76 and the ground. 

[0059] FIG. 8 A illustrates the charging phase or step of the operation of switch array 
15. In this charging phase switches SW1 and SW3 are ON, whereas switches SW2 and 
SW4 are OFF. Flying capcitor C F i y is in electrical connection with output capacitor 
C_out and load resistor R_out. In this charging phase supply voltage V_DD is charging 
up flying capacitor C^y. 

[0060] FIG. 8B illustrates the pumping phase or step. In this pumping phase 
switches SW1 and SW3 are OFF, whereas switches SW2 and SW4 are ON. Therefore, 
capacitors Cmy and C_put are decoupled from the voltage supply. In this phase the flying 
capacitor CFiy discharges by transferring its charges to output capacitor C_out. In 
embodiments, where flying capacitor C F i y is approximately equal to C_out, the two 
capacitors both discharge across load resistor Reload. In this pumping phase the voltage 
of the capacitors starts decreasing from its initial value of V_out of about half of V_DD. 
However, if the cycle of oscillator 67 is sufficiently shorter than the time constant of the 
RC circuit formed from C_out and R_load, the voltage decay can be kept sufficiently 
small, reducing the ripple of the output voltage V_out to a desired level. 

[0061] In an exemplary case, switch SW1 turns ON in phase 1 (the charging phase) 
of cycle i and switch SW2 turns on in phase 2 (the pumping phase) of the same cycle i. 
Before the end of phase 1 the m-bit gate signal of switch SW1 is sampled and held until 
phase 2. The sampled m-bit gate signal of switch SW1 is coupled into m-bit add- 
subtractor 59 by a link. The n-bit digital error signal V_err,d from A/D converter 52 is 
also coupled into m-bit add-subtractor 59. In m-bit add-subtractor 59 the n-bit digital 
error signal is added/subtracted from the m-bit gate signal of switch S Wl . The resulting 
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m-bit signal generates the renewed m-bit gate signal for switch SW1 through gate logic 
63, and will be used in phase 1 of cycle (i+1). The gate signal of switch SW1 is sampled 
shortly before the end of phase 1 of cycle i, processed during phase 2 of cycle i and is 
used in phase 1 of cycle (i+1). The gate signal of switch SW2 is sampled before the end 
of phase 2 of cycle i, processed in phase 1 of cycle (i+1) and is used in phase 2 of cycle 
(i+1). 

[0062] The n-bit digital error signal generated by AID converter 52 has one sign bit. 
The high or low of the sign bit determines that the other (n-1) bits of the digital error 
signal are added to or subtracted from the sample-and-hold m-bit gate signal. 

[0063] Typically, n is less than or equal to m-1 . In some cases at no load the bits of 
the m-bit gate signal are all 0 and at full load the bits of the m-bit signal are all 1 . In 
some embodiments, where n=m-l, the (m-1) bit digital error signal has 1 sign bit, which 
is high in this case. This high sign bit causes the remaining (m-2) bits of the digital error 
signal to be added to the m-bit gate signal. It takes 4 clock cycles to make the m-bit gate 
signal to change from all 0 to all 1 . 

[0064] Finally, additional aspects of the operation of power control circuit 2 will be 
described with reference to the digital embodiment of FIG. 6. Where possible, 
comparative reference will be made to the analog circuit described in FIG. 4. 

[0065] During the operation of the analog circuit of FIG. 4, the charge flow is 
controlled only in the charging phase. In the digital embodiment of FIG. 6, the charge 
flow is controlled in both the charging phase as well as the pumping phase. 

[0066] Further, during the operation of the analog circuit of FIG. 4, flying capacitor 
CI may discharge while at a voltage much higher than the output voltage V_out. Such 
voltage differences typically generate a high level of noise. In the digital embodiment of 
FIG. 6, flying capacitor CI is only partially connected to the output voltage V_out. 
Therefore, the discharging of flying capacitor CI typically generates a low level of noise. 

[0067] In addition, the analog circuit of FIG. 4 has poor line and load transient 
response due to limited loop bandwidth. Also, the dynamic losses are high as the entire 
switches of switch array 15 are turned on and off. 
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[0068] In the digital embodiments of FIG. 6, the line and load transient responses are 
fast due to the high bandwidth of the digital control loop. Also, the dynamic losses are 
low because only some of the switch-segments are turned on. 

[0069] Although the present invention and its advantages have been described in 
detail, it should be understood that various changes, substitutions, and alterations can be 
made therein without departing from the spirit and scope of the invention as defined by 
the appended claims. That is, the discussion included in this application is intended to 
serve as a basic description. It should be understood that the specific discussion may not 
explicitly describe all embodiments possible; jnany alternatives are implicit. It also may 
not fully explain the generic nature of the invention and may not explicitly show how 
each feature or element can actually be representative of a broader function or of a great 
variety of alternative or equivalent elements. Again, these are implicitly included in this 
disclosure. Where the invention is described in device-oriented terminology, each 
element of the device implicitly performs a function. Neither the description nor the 
terminology is intended to limit the scope of the claims. 
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CLAIMS 

A power control circuit comprising: 

a switch array comprising: 
switches; 

a flying capacitor; and 

an output voltage terminal, capable of providing an output voltage; 
a feedback loop, coupled to the output voltage terminal; and 
a voltage regulator block, coupled to the feedback loop and to the switch array, 

the voltage regulator block configured to regulate the output voltage, wherein 

at least one of the switches is a segmented switch, comprising more than one 

switch-segment. 

1 . The control circuit of Claim 1 , wherein 

the switch-segments of a segmented switch comprise first and second terminals, 
wherein 

the first terminals of the switch-segments are coupled to a first shared rail; 

and 

the second terminals of the switch-segments are coupled to a second 
shared rail. 

2. The control circuit of Claim 1, wherein 

the switch-segments have open and closed switching states, wherein 

the conductance between the first and the second shared rail increases 
when the number of closed switch-segments between the first shared rail and the 
second shared rail increases. 

3. The control circuit of Claim 1, wherein 

the switch-segments of a segmented switch are organized into switch-segment 
groups, wherein 



15 



WO 2005/057765 PCT/US2004/040507 

the switch-segment groups can be labeled so that the number of switch- 
segments in the switch-segment groups are related to each other as increasing 
powers of two. 

4. The control circuit of Claim 1 , wherein 

the switch-segments comprise transistors, wherein the transistors are selected 
from the group of bipolar junction transistors and MOS-FETs. 

5. The control circuit of Claim 1, wherein: 

a first switch is coupled between a first switch node and a second switch node; 
a second switch is coupled between the second switch node and a third switch 

node; 

a third switch is coupled between the third switch node and a fourth switch node; 

and 

a fourth switch is coupled between the fourth switch node and a fifth switch node, 
wherein 

. the first and third switches are capable of assuming a first switching state, 
and the second and fourth switches are capable of assuming a second switching state, 
wherein the first and second switching states are opposite. 

6. The control circuit of Claim 5, wherein the flying capacitor is coupled between 
the second switch node and the fourth switch node. 

7. The control circuit of Claim 5, comprising: 

an output voltage terminal, coupled to one of the first, third, and fifth switch 
nodes; and 

an output capacitor, coupled to the output voltage terminal. 

8. The control circuit of Claim 1 , wherein 

the voltage regulator block is a digital voltage regulator block. 



The control circuit of Claim 8, wherein 
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the digital voltage regulator block is configured to regulate at least one of the 
switch-segments of at least one segmented switch. 



9. The control circuit of Claim 8, the digital voltage regulator block comprising: 
an Analog-to-Digital converter; and 

an encoder, coupled to the Analog-to-Digital converter, configured to generate a 
digital error signal from the difference of a reference voltage and a feedback voltage, 
provided by the feedback loop. 

10. The control circuit of Claim 9, the digital voltage regulator block comprising 

an add-subtractor, configured to receive the digital error signal from the encoder. 

1 1 . The control circuit of Claim 1 0, wherein 

the add-subtractor is configured to receive a sample-and-hold gate signal, and to 
perform an arithmetic operation on the received digital error signal and the sample-and- 
hold gate signal. 

12. The control circuit of Claim 1 1, the digital voltage regulator block comprising: 
a gate logic, configured: 

to receive the signal generated by the add-subtractor; 
. to generate a gate control signal in accordance with the signal received 
from the add-subtractor; and 

to couple the generated gate control signal into a segmented switch. 

13. The control circuit of Claim 12, wherein 

the switch-segments have open and closed switching states; and 

the number of closed switch-segments is controlled by the received gate control 

signal. 

14. The control circuit of Claim 12, comprising 
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a link between at least one of the segmented switches and the add- 
subtractor, the link configured to feed back in an oscillator cycle the gate-signal 
of the previous oscillator cycle to the add-subtractor, thereby generating a sample- and- 
hold signal. 

1 5 . The control circuit of Claim 1 , wherein 

the control circuit is configured to operate at a constant frequency. . 

16. A power control circuit, comprising: 
a voltage supply; 

a switch array, configured to receive a supply voltage from the voltage supply, 
- comprising: 

switches; 

at least one capacitor; and 
an output voltage terminal; 
a feedback loop, coupled to the output voltage terminal; and 
a digital voltage regulator block, coupled to the feedback loop, to the voltage 
supply, and to the switch array, the digital voltage regulator block configured to regulate 
the supply voltage by digital regulating signals. 

17. The control circuit of Claim 1 6, the switches comprising 
segmented switches, wherein 

the digital voltage regulator block regulates the segmented switches. 

18. A power control circuit, comprising: 
a switch array comprising: 

switches; 

a flying capacitor; and 

an output voltage terminal, capable of providing an output voltage; 
a feedback loop, coupled to the output voltage terminal; and 
a voltage regulator block, coupled to the feedback loop and to the switch array, 
the voltage regulator block configured to regulate the output voltage, wherein 
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the power control circuit is operable in charging and pumping phases; and 
a ripple of the output voltage is controlled both in the charging and the 
pumping phase. 

19. A power control circuit, comprising: 
a voltage supply; 

a switch array, configured to receive a supply voltage from the voltage supply, 
comprising: 

switches; 

at least one capacitor; and 
an output voltage terminal; 
a feedback loop, coupled to the output voltage terminal; and 
a voltage regulator block, coupled to the feedback loop, to the voltage supply, 
and to the switch array, the voltage regulator block configured to regulate the supply 
voltage, wherein 

the power control circuit does not include a pass transistor. 

20. . A method of controlling an output voltage of a power control circuit, the method 
comprising: 

generating an output voltage at an output voltage tenninal of the power control 

circuit; 

generating a feedback voltage by feeding the output voltage back to a voltage 
regulator block by a feedback loop; and 

regulating the output voltage according to the feedback voltage by the voltage 
regulator block controlling at least one segmented switch of a switch array. 

21 . The method of Claim 20, wherein regulating the output voltage comprises 
generating a digital error signal by an Analog-to-Digital converter and a coupled 

encoder from the difference of a reference voltage and the feedback voltage. 

22. The method of Claim 21, wherein regulating the output voltage comprises 
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generating an add-subtractor signal by performing an arithmetic operation by an 
add-subtractor on the digital error signal and a sample-and-hold gate signal. 



23 . The method of Claim 22, wherein regulating the output voltage comprises: 
generating a gate control signal by a gate logic in accordance with the add- 
subtractor signal; and 

coupling the gate control signal into the switch array. 

24. The method of Claim 23, wherein regulating the output voltage comprises 
controlling the number of closed switch-segments of the switch array by the gate 

control signal, wherein 

the switch-segments have open and closed switching states. 

25. A method of controlling an output voltage of a power control circuit, the method 
comprising: 

providing a supply voltage by a voltage supply to a switch array; 

generating an output voltage at an output voltage terminal; 

generating a feedback voltage by feeding the output voltage back to a digital 
voltage regulator block by a feedback loop; and 

regulating the output voltage by the digital voltage regulator block digitally 
controlling at least one switch of the switch array according to the feedback voltage. 

26. The method of Claim 25, wherein at least one of the switches comprises at least 
one segmented switch. 

27. A method of controlling an output voltage of a power control circuit, the method 
comprising: 

providing a power control circuit, comprising: 
a switch array comprising: 
switches; 

a flying capacitor; and 

an output voltage terminal, capable of providing an output voltage; 
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a feedback loop, coupled to the output voltage terminal; and 
a voltage regulator block, coupled to the feedback loop and to the switch array, 
the voltage regulator block configured to regulate the output voltage; 

operating the power control circuit in charging and pumping phases; and 
controlling a ripple of the output voltage both in the charging and the pumping 

phase. 
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